We have fabricated suspensions exhibiting the giant electrorheological ͑GER͒ effect comprising nanoparticles-multiwall carbon nanotubes ͑MCNTs͒ composite particles dispersed in silicone oil. This type of GER fluids display dramatically enhanced antisedimentation characteristic without sacrificing the yield stress. The nanoparticles-nanotubes composites were fabricated by modifying the coprecipitation method with MCNTs and urea-coated barium titanyl-oxylate ͑BTRU͒ nanoparticles as the components. The composite solid particles are denoted MCNT-BTRU. In the best cases, stabilized suspensions with MCNT-BTRU particles dispersed in silicone oil have been maintained for several months without any appreciable sedimentation being observed. Both the sedimentary and rheological properties of the MCNT-BTRU suspension were systematically studied and compared with their BTRU counterparts. Yield stress as high as 194 kPa was obtained in the MCNT-BTRU suspensions. The MCNT-BTRU based GER fluids, with their antisedimentation characteristic, may have broad engineering applications.
I. INTRODUCTION
Electrorheological ͑ER͒ fluids 1-31 are a type of colloidal suspensions, comprising microparticles or nanoparticles dispersed in nonconducting oil, that can display viscosity variation or even solidification in response to an electric field. For the past two to three decades, there has been a persistent research effort in exploring the mechanism of the ER effect, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] in synthesizing new materials that can exhibit strong ER effect, 14, [17] [18] [19] [20] [21] and in realizing ER-based active electrical-mechanical devices. [7] [8] [9] [10] [11] [12] [13] However, the lack of high performance materials, as well as the problem associated with no sedimentation, have inhibited broad engineering applications. The discovery of giant ER ͑GER͒ effect, [14] [15] [16] [19] [20] [21] [22] in urea-coated nanoparticles, has presented a new paradigm by utilizing permanent molecular dipoles to attain yield stress values that break the theoretical upper bound of the traditional ER effect, which is based on induced moments arising from dielectric constants contrast between the fluid and the solid phases. However, GER fluids exhibit the same drawback as other ER fluids in the sedimentation phenomenon, owing to the density mismatch of the fluid and solid phases as well as the aggregation of the nanoparticles. The resulting phase separation can cause a dramatic decrease in the ER effect. Several methods have been devised to improve the sedimentation property of the ER fluids, e.g., by adding surfactant to the solvent phase 20 or making the particle phase less dense that can either decrease the density mismatch or modify the surface or particle morphology, [23] [24] [25] [26] [27] [28] [29] [30] [31] or both. The ER effect of the treated sample was generally lowered as a result.
In this work, we modify the process of fabricating ureacoated barium titanyl-oxalate ͑BTRU͒ nanoparticles by employing the methods of preparing polymer ͑or oxide͒-carbon nanotube ͑CNT͒ composites 29, [31] [32] [33] [34] to the synthesis of particles comprising urea-coated particles of multiwall CNT-BTRU ͑MCNT-BTRU͒. The particles, when dispersed in different type of silicone oil, are shown to have enhanced antisedimentation property. In the best cases a stabilized ER suspension can be maintained as long as several months without any appreciable observable sedimentation. The yield stress of the MCNT-BTRU particle suspensions is tested to be as high as 190 kPa, at most 10% lower than the BTRUbased GER fluids with similar solid concentrations.
II. EXPERIMENT

A. Materials, preparation, and characterization of MCNT-BTRU and BTRU
MCNTs ͓synthesized by a thermal chemical vapor deposition method, ͑Shenzhen Nanotech Port Co. Ltd͔͒ were treated with the 3 M nitric acid, filtrated, rinsed with deionized water and then dispersed in a solution of titanium tetrachloride. MCNT-BTRU nanoparticles were fabricated by modifying the coprecipitation method as described in our previous work. 21 In the presence of saturated urea solution, solutions of barium chloride, MCNTs, titanium tetrachloride, and oxalic acid were coprecipitated at 65°C to form colloidal sols. The MCNT-BTRU particles were filtrated and washed using deionized water to remove aqueous acid, and subsequently dried in a freeze drier. Silicone oils with the methyl, hydroxyl, phenyl, or diglycidyl group termination, supplied by the Sigma-Aldrich Chemical Co., were dried by 4 Å molecular sieves before the experiment to remove any residual moisture. GER fluids were formed by mixing the BTRU or MCNT-BTRU particles with different silicone oils. Concentration of the GER fluids can be denoted as the a͒ Author to whom correspondence should be addressed. Electronic mail: phwen@ust.hk. amount of silicone oil, in unit of milliliter, mixed with each gram of particles. Hence, 5 means 5 ml of oil mixed with 1 g of particles.
The morphology of the BTRU particles was visualized on a JEOL-6700F scanning electron microscopy ͑SEM͒ with an acceleration voltage of 15 kV. To prepare the SEM sample, 10 mg sample treated by silicone oil was dispersed into 2 ml ethanol by ultrasonication. Then one drop of the suspension was transferred to the surface of a p-type silicon slice. After volatilization of the ethanol, the sample was gold-coated to increase its electric conductivity before the SEM measurement. The Fourier transform IR ͑FT-IR͒ transmission spectrum was recorded on a Bio-Rad FTS6000 spectrometer with a DTGS detector. The number of scan is 32 with a spectral resolution 4 cm −1 .The samples of BTRU and MCNT-BTRU adsorbed silicone oil were prepared by the our pervious method.
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B. Characterization of rheological properties
Rheological measurements were performed on a circular-plate type viscometer ͑Haake RS1͒ with an 8-mmdiameter rotating disk and a gap of 1 mm between rotor and stator. A PM 5134 ͑Philips͒ functional generator was used to generate step signals for driving the dc high-voltage source ͑SPELLMAN SL300͒. Software package RHEOWIN was used to collect experimental data. The GER fluid was injected in the 1 mm gap between the rotor and stator. A power-on time was set to be 50 s with a square pulse applied to the sample. For reproducibility and repeatability of the measurements, GER fluids were redispersed before each measurement, and each measurement was repeated at least three times. Shear stress as a function of time was measured at very low shear rates ͑0.1 s −1 ͒. Yield point was reached when a stress-time curve changed its slope to be flat after an abrupt increase at the beginning of turning on the field. The yield stress at a given field was taken to be the maximum of the shear stress in the corresponding time span. All the samples were measured at 25°C.
III. RESULTS AND DISCUSSION
A. Sedimentation property of MCNT-BTRU
Sedimentation occurs in colloidal systems because of the density mismatch between the solid and fluid phases, accentuated by particles aggregation through van der Walls interaction between the particles as well as the nonfavorable particle-solvent interactions. We have measured the sedimentation ratio of six GER fluid samples prepared with different solid particle concentrations. Sample 1 comprises just the BTRU nanoparticles dispersed in 20 cSt methyl-terminated silicone oil; samples 2, 3, 4, 5, and 6 were prepared by using the same silicone oil but with MCNT-BTRU nanoparticles in which the weight fraction of MCNTs are 0.22%, 0.49%, 1.0%, 2.0%, 4.0%, respectively. All the samples were prepared to have the same concentration of 5. The sedimentation ratio is defined as a / ͑a + b͒ where a is the height of the GER fluid, characterized by its opaque appearance, and b denotes the height of clear oil phase. Figure 1͑a͒ shows the sedimentation ratio as a function of time ͑hour͒ for the six samples. It can be seen that the sedimentation ratio for each of the samples decreases initially, for several tens of hours, and then approaches a stable asymptotic value. It is seen that with 0.22% addition of MCNTs, the sedimentation ratio is already enhanced to over 60%, from the original ϳ40%, and with 4% addition of MCNTs, the sedimentation ratio is over 90%, i.e., sedimentation is essentially negligible in the latter case. This is especially notable because the concentration of 5 is fairly dilute for the GER fluid, and in the dilute cases the sedimentation is generally a serious problem.
The antisedimentation characteristic exhibited by the MCNT-BTRU particles is attributable to the fact that the composite material has a lower density, accompanied by a change in the morphology that can be seen from the SEM images shown in Fig. 2͑a͒ . In the left panel of Fig. 2͑a͒ are shown the BTRU particles. This should be contrasted with the image of the MCNT-BTRU particles shown in the right panel. Both BTRU and MCNT-BTRU particles are roughly spherical in shape and less than 500 nm in size. MCNTs can be visualized with one or both ends piercing some MCNT-BTRU particles, in effect forming a skeletal structure in which the MCNTs are the beams. Such structure is formed due to the nitric acid treatment of the MCNTs that leads to the presence of many carboxyl and hydroxyl groups on the surface and ͑even more͒ at both ends. 35, 36 Those groups can react with titanium to form a structure similar to carboxyltitanium in BaTiO͑C 2 O 4 ͒ 2 . The same mechanism can also be found in the formation of CNT/iron oxide magnetic composite. [32] [33] [34] Aggregation of BTRU nanoparticles is clearly seen from the left panel of Fig. 2͑a͒ . The presence of MCNTs effectively prevents direct contact between the FIG. 1. ͑Color online͒ ͑a͒ Sedimentation ratio of BTRU and MCNT-BTRU particles suspended in methyl terminated silicone oil ͑20 cSt͒ with a concentration of 5.0. The MCNTs mass fraction contained in the composite material ͑from which the particles are fabricated͒ is given in the text. ͑b͒ Images of samples 1-6 taken at 12.5 days after preparation.
BTRU nanoparticles, thus minimizing their aggregation and sedimentation. The addition of MCNTs, therefore, introduces an effective short range repulsive interaction between the BTRU nanoparticles. However, such repulsive interaction may also serve as an energy barrier that has to be overcome in order to achieve the ER effect of forming chains/columns under an electric field. A lower yield stress may result. We show below that while the yield stress of the composite particles is indeed lowered by ϳ10%, the measured value can still be as high as 200 kPa.
Maintaining good dispersion and avoiding aggregation are important for both the antisedimentation characteristic as well as the ER effect. In this context the wetting of the MCNT-BTRU composite particles by silicone oil is a very crucial element. We show that the adsorption of silicone oil on MCNT-BTRU particles is indeed present as measured by FTIR spectroscopy.
We have measured both BTRU and MCNT-BTRU samples treated by silicone oil solution, 21 shown in Fig. 3 . For reference, results of pure MCNT-BTRU and BTRU samples were also recorded. The small ͑absorption͒ peaks at 1050 and 1150 cm −1 , attributable to the asymmetric stretching vibration frequency of Si-O-Si ͑Ref. 21͒ of the attached silicone oils, are observed to be stronger for oil-treated MCNT-BTRU sample ͑line d͒ than oil-treated BTRU sample ͑line c͒. Without the oil-treatment, neither samples display these two peaks. This indicates that those peaks come solely from the adsorption of silicone oil, and the signal for the MCNT-BTRU sample is higher simply because the composite materials particles present a larger internal surface area as the MCNTs separated the BTRU nanoparticles.
B. Yield stress measurements
When designing an ER device, the viscosity of the material without applied field is always an important factor to be considered. We have measured the zero-field viscosity of samples 7-12 with the mass fraction of MCNTs varying from 0% to 0.22%, 0.49%, 1.0%, 2.0%, 4.0%, respectively. The concentration of these samples is 1.0, implying a higher solid particle fraction than those in samples 1-6. In samples 7-12, 20 cSt silicone oil were used. Results are shown in Fig. 4 . It is found that the zero field viscosity generally increases with increasing mass fraction of MCNTs. The increase is small up to 0.5% but becomes large above 1%. It is seen that the zero field viscosity decreases with increasing shear rate.
We have measured the yield stress for samples 7-12 and plotted the results in Fig. 5 . The GER effect is seen to decrease with increasing MCNTs content. This has been anticipated. However, for the 0.22% case the decrease in the yield stress is 10% at most, although the antisedimentation effect is dramatic. This is seen in the insets to Fig. 5 which show the images of samples 7-9 taken two months after they were prepared. With a concentration of 1.0, even the sample with the 0.22% addition of MCNTs shows no observable sedimentation. FIG . 2. ͑Color online͒ ͑a͒ SEM images of BTRU particles ͑left͒ and MCNT-BTRU particles ͑right͒ treated by silicone oil and ethanol. The red arrows point to the MCNTs that can be clearly visualized as the "beam" that separate the BTRU particles. ͑b͒ Schematic illustration of the microstructures structures in the two cases. The left panel shows the BTRU particles aggregated together, whereas the right panel shows MCNT-BTRU particle to comprise MCNTs "beams" separating the BTRU particles. We have also investigated the influence of the liquid phase on the GER effect, by using silicone oils with three different types of termination, i.e., with the methyl group, the hydroxyl group, or the diglycidyl group. In this case we use the MCNT-BTRU particles with a MCNT mass fraction of 0.49% and at a concentration of 1.0. These samples are denoted samples 13-15. As shown in Fig. 6 , the yield stress of sample 13, with the hydroxyl group terminated silicone oil, is the highest, followed by that of sample 14. This is completely consistent with the results shown in Ref. 21 . The liquid phase effect on sedimentation property was tested for samples 13-15 and compared with their counterparts prepared with BTRU particles ͑denoted samples 16-18͒. It was found that MCNT-BTRU particles can always form a stable suspension regardless of the type of silicone oil used, whereas the samples prepared by using the BTRU particles always exhibit sedimentation.
How large a yield stress can be attained by the new type of GER fluid? In order to answer this question, we show in Fig. 7 that the yield stress of the sample, prepared by dispersing MCNT-BTRU particles ͑with a MCNTs mass fraction of 0.49%͒ in hydroxyl-terminated silicone oil at a concentration of 0.25, can reach 194 kPa at 5 kV/mm. This is only slightly smaller than that for similar sample comprising BTRU nanoparticles ͑215 kPa at the same conditions͒.
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IV. CONCLUSIONS
By using a coprecipitation method, we have fabricated MCNT-BTRU particles that exhibit the GER effect. When dispersed in silicone oil, the antisedimentation property is enhanced dramatically, as compared to previously fabricated BTRU nanoparticles. The electrorehological effect can remain nearly the same.
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